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ABSTRAC1
The limnetic y.ooplankton community of Boulder Basin, Lake Mead,
was examined to determina the role of this community in the developior-.nt
of a metalimnetic oxygen minimum which regularly occurs in the lake.
Analysis of the community from May 1975 to April 1976 revealed that
zocplankto1-! maintain high populations within the meta limn ion during
summer stratification. The species composition of the community
changes noticeably duVing the summer, but due to advanced stages
excysting from resting forms, a complete assemblage of individuals
are found throughout the 74 day period studied. Thermal 'stratificatv:>-:
was weakj covering a 30 meter metalimnion. Eddy currents powerec!
by wind action brought oxygen into this zone from the surface, and
mixing at the metalimnion-hypolimnion due to internal waves and
density flows brought oxygen up into this zone. The metolimnicn
was sectioned into two 15 meter layers. The zooplankton consumed
33 to 69 percent of the daily oxygen lost from the upper section
and 12 to 42 percent from the lower section of the metalimnion from
June 17 to August 28, 1975.
The metaliffinetic oxygen depletion of Boulder Basin is due to
the oxygen consumption of the complete aquatic community of producers,
consumers, and reducers. The zooplanktcn, representing the major
consumers, account for a significant portion of the oxygen depletion.
The thesis of Thomas A. Burke is approved:
. I
Advisor
iX
E x a m i n i n g Conurrivuee Member
E x a m i n i n g Committee Member
Grladuav1 Faculty Representative
LA
Graduate Dean '
University of Nevada,
Las Vegas
April 1977
ACKNOWLEDGEMENTS
I wish to extend my appreciation to my advisor and committee
chairman, Dr. James E. Deacon, for his invaluable advice and assistance.
His critical reviews and encouragements of the collection, analysis,
and reporting of the data have been extremely helpful.
I would like to thank Dr. Jacob Verduin for his guidance and
review of the thesis project. His profound knowledge of aquatic
energetics helped shape and solidify the thesis, and without his
\e the project could not have been completed.
I would also like to thank the other members of my committee,
Dr. Chad Murvosh and Dr. L. Arlen Collier, for their critical review
of the manuscript.
A special thanks is extended to John R. Baker for originally
suggesting the.thesis topic and for his assistance in the design,
analysis, and writing of the manuscript.
I would like to thank the following people for thier help in
collection of the samples: Doug and Jill Selby, Gene Wilde, Robert
Furtek, Russ Amaru, and John Priscu.
The monies expended en this study were funded to Dr. James
E. Deacon by a grant from Clark County llastewater Management, Clark
County, Nevada.
An extra special thanks to my wife Pat who have given me constant
encouragement throughout my college career, and who has extended
much patience throughout the present study.
***v «"*•"*'*'•'•* -•-*'*'" " . . -
i i i
TABLE OF CONTENTS
Page
ABSTRACT i
ACKNOWLEDGEMENTS ii
LIST OF TABLES iv
LIST OF FIGURES vi
INTRODUCTION ' I
DESCRIPTION OF STUDY AREA 4
METHODS ' 6
FIELD COLLECTIONS 6
LABORATORY ANALYSIS 8
ZOOPLANKTON RESPIRATION RATES 10
VISIBLE OXYGEN LOSS - , . 12
OXYGEN TRANSPORT 13
RESULTS AND DISCUSSION: ECOLOGICAL CONSIDERATIONS OF THE
LIMNETIC ZOOPLANKTON COMMUNITY OF BOULDER
BASIN 17
SPECIES COMPOSITION . 17
SEASONAL SUCCESSION 22
DIAPAUSE 33
VERTICAL DISTRIBUTION 38
SPECIFIC DEPTH AFFINITIES 47
TOTAL OXYGEN LOST AND ZOOPLANKTON RESPIRATION
WITHIN THE METALIMNION 51
SUGARY AND CONCLUSIONS 62
LITERATURE CITED 70
APPENDIX I 77
IV
LIST OF TABLES
Table Page
1 Zooplankton organisms collected from Boulder
Basin from May 1975 to April 1976 18
2 Number of organisms from each major group in
the upper 45 meters of the water column from
May 1975 to April 1976 23
3 Major rotifers in the upper 45 meters of the
water column of Boulder Basin fron May 1975
to April 1976 25
4 Periods of'highest abundance of major rotifers .
from Boulder Basin 28
5 Cladocerans in the upper 45 meters of the water
column of Boulder Basin from May 1975 to
April 1976 . . 29
6 Copepod adults and juvenile instars in the top-
45 meters of Boulder Basin, June 1975 to April
1976 31
7 Depth of maximum densities of zooplankton.
crustaceans 50
8 . Mean zooplankton concentrations in the uoper
section of the metalimnion computed from four
samples . , 52
9 Mean zooplankton concentrations in the lower
section of the metalimnion computed from four
samples taken over a 24 hour period 53
10 Respiration rates for limnetic crustaceans
from Boulder Basin 55
11 Temperature and dissolved oxygen in Boulder
Basin, June 17 through August 28, 1975 56
12 Mixing rates and oxygen transport across the
12.5 meter plane with values necessary for
their determination 58
'.•&"*•''• '.".' "' "''''K^}^^iiSL^^^^IiIS^S^J!S3^^SSS&"!XlifSlfSKr
Table Page
13 Mixing rates and oxyoen transport across
the 37.5 neter plane v/ith values necessary
for their determination 59
14 Total oxygen lost and zooplankton respiration
from both the upper and lower sections of the
me ta limn ion 61
VI
LIST OF FIGURES
Figure Page
1 Location of sampling station in Boulder
Basin, Lake Mead 7
2 Vertical distribution of Polyartnra from
Boulder Basin, May, June, and July 1975 . . . 40
3 Vertical distribution of winter and summer
populations of three rotifers from Boulder
Basin, sunset samples 41
4 Vertical distribution of Daphm'a and Bosmina
during summer 1975, from Boulder Basin . . . . 43
5 Vertical profiles of copepod nauplii, cyclo-
poid copepodids from Boulder Basin, summer
1975 45
6 Vertical distribution of Cyclops bicuspidatus
thomasi and Mesocyclops edax from summer
1975~T~ ~7T • 46
7 Depth of maximum density for zooplankton
grazers from sunset samples, Boulder Basin
May 1975 to March 1976 .- . . 49
INTRODUCTION
A well defined metalimnetic oxygen minimum regularly develops
in Boulder Basin, Lake Mead, during thermal stratification. While
this minimum was first reported by Hoffman e_t al_. (1967), review
of water quality data at Hoover Dam showed the minimum to have been
present as early as 1944 (Bureau of Reclamation, unpublished data).
In his discussion on'dissolved oxygen levels in Lake Mead,
Hoffman et_ aj_. (1967) mentioned three possible causes for this oxygen
minimum: 1) oxidation of organic material within the rnetalimnion,
2) oxygen uptake from sediments on a midwater shelf, 3) z-ooplankton
respiration. Ellis (1940) added a fourth possible cause,- the interposi-
tion! ng of a low oxygen water mass between layers of higher oxygen
content. Previous studies have indicated that three-of these possible
causes may not be operating in Boulder Basin.
Egdorf and Tew (1975) examined the vertical distribution of
bacteria in the water column of Boulder Basin. They determined
that neither total numbers nor vertical distribution indicated bacterial
oxidation of organic material as the cause of the oxygen minimum.
They often found highest numbers of bacteria below the depth of
maximum depletion. Their data suggested the absence of a seston
layer at the depth of the maximum oxygen depletion, as higher numbers
of bacteria would have been expected if this region was enriched
with organic material.
Hoffman e t. a_l_. (1957) reported a flat contour to be present
in Boulder Basin. This shelf lies in the stratum betv/een 345 and
348 meters above mean sea level, based on the data given in Lara
and Sanders (1970). June to August surface elevations for Boulder
Basin in 1975 ranged from 356 to 357 meters above sea level (U. S.
Geological Survey, 1975). This would put the shelf in the 8 - 1 1
rneter stratum. In 1972 when the metalimnetic oxygen levels were
similar to those for 1975, the surface elevation during this period
remained at a height of 350 meters above sea level (U. S. Geological
Survey, 1975). The shelf would have been in the epilinnion', and
it could not have influenced the oxygen depletion. Agreeing with
the above, Baker et_ al_. (in press) indicated that the oxygen minimum
develops at about the same depth regardless of the lake's elevation.
Ellis (1940) concluded that the oxygen minimum in Elephant
Butte Reservoir, New Mexico, was caused by draw-off from the dam
and a submerged mesa in the lake. These conditons do not occur
in Boulder Basin. Except as mentioned above, no major midwater
shelf or mesa is present. Hoffman ejt aj_. (1967) mentioned that
the layer of low oxygen does not reach the depth of the outlets
at Hoover Dam, and Smith ejt ajL (1960) determined that density currents
in the basin flow mainly in the hypolimnion. These circumstances
indicate that oxygen depletion in the hypolimnion may be prevented
by the deeper currents, but they are incompatible with the hypothesis
that the metalinnetic minimum develops as a result of the draw-off
from the dam.
Shapiro (1960) found large concentrations of copepods within
the metalimnion of Lake Washington and concluded that these organisms
could account for the metalimnetic oxygen minimum in that lake.
Preliminary studies in 1974 revealed high concentrations of zooplankton
within the metalimnion of Boulder Basin (Deacon, 1975). This thesis
is the result of a one year study of the limnetic zooplankton community
of Boulder Basins and attempts to determine the role of the zooplankton
community with respect to the metalimnetic oxygen minimum.
The data collected are developed through two sections. In
the firstj the biological and ecological considerations of-the limnetic
zooplankton community are examined. It was felt that if the zooplankton
do play a major role in the metalimnetic oxygen depletion, the zooplank-
ton community may have some unique characteristics not commonly
found in typical limnetic communities. Species composition, seasona'i
succession, vertical distribution and other ecological considerations
are examined.
The second section attempts to estimate the amount of oxygen
lost from the metalimnion due to zooplankton respiration from June
17 to August 28, 1975. Oxygen transport into the metalimnion from
both the epilimnion and hypolimnion is considered.
DESCRIPTION OF STUDY AREA
Lake Mead was formed in 1935 by the impoundment of the Colorado
River by Hoover Dam. The dam spans Black Canyon, some 30 miles
southeast of Las Vegas, Nevada. The Lake Mead shoreline forms the
physical boundary between southeastern Nevada and northv/estern Arizona.
Lake Mead is described as a deep, subtropical, monomictic lake (Deacon,
1975). Surface temperatures range from 10.5 to 27 C, and a thermocline
develops in May and June. This thermocline is usually described
' 0
as a metalimnion, since a classical thermocline (1'C change per
meter) only develops during July.
Lake Mead is irregular in shape and divided into four major
basins. Boulder Basin is the lower most of the four, lying directly
above Hoover Dam. It has a maximum depth of 135 meters and a surface
area of approximately 30,000 acres (based on a lake elevation of
357 meters above mean sea level). While metalimnetic oxygen depletion
occurs in other areas of the lake, the depletion is greatest in
Boulder Basin and the adjacent Las Vegas Bay. Everett (1972) showed
that the highest primary production rates occur in this area of
the lake.
Previous studies on the physical, chemical, and biological
limnology of Lake Mead are contained in the following: Anderson
and Pritchard (1951), Baker et. a]_. (in press), Deacon (1975), Deacon
and Tew (1972), Egdorf (1976), Everett (1972), Hoffman e^  al_. (1967,
1971), Hoffman and Jonez (1973), Jonez and Summer (1954), Koenig
et aT_- (1972), Lara and Sanders (1970), Moffett (1943), Smith et al.
(1960), Staker (1974), Staker et aj_. (1374), Tew e_t a]_. (1976),
and Thomas (1954).
MFTHODS
Field Collections
Zooplankton samples were collected at approximately two week
intervals from June to September 1975 and at monthly intervals from
October 1975 to April 1976. A sample was also collected on May
8> ]975. All samples were collected from a permanent station located
off Saddle Island in Boulder Basin, 36° 08' 45" N. Lat., 114° 21'
28" W. Long. (Figure 1). This station has a maximum depth of 65
meters. The location was favorable because of its close proximity
to Lake Mead Marina. (Many samples were collected over a 24 hour
period, and wind conditions often forced the sampling crew to take
shelter at the Marina.)
A series of four samples were taken at five meter intervals
to a depth of 45 meters during a 24 hour period (sunset, midnight,
sunrise, and midday) from June 17 to August 28, 1975. For the remainder
of the year and for 1976 data, one to four such samples were taken
during each trip. The variations were mainly due to inclement weather
conditions.
From each depth forty liters of lake water were filtered through
a f'2C Clarke-Dumpus plankton net held in a large container on board
the tost. Tl'.e mesh size of this net is approximately 76 microns,
suitable for most zooplankton organises (except small eggs and some
rotifers). Summer samples were collected with a Sears Model ^553.2592
D-C cowered water pump with a flow through velocity of 8 liters
per minute. The winter samples were taken with a 1.5 horsepower
Figure 1. Location of permanent sampling station (X) in
Boulder Basin, Lake Mead.
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8gasoline-driven water pump with an average flow through velocity
of 12.5 liters per minute. Both pumps were attached to a heavy-
duty, reinforced rubber hose (5/8" internal diameter). The bottom
of the hose was weighted with a plexiglass plate designed to keep
the hose vertical and allow an even draw from a narrow horizontal
band. The plate was observed to draw equally in all directions
by testing in a small tank with a bright red dye.
Tonolli (1971) recommended this type of sampling device where
large numbers of samples need to be taken in a short period, of time
from a specific depth. The advantage of this system is that the
unit does not have to be removed from the water with each sample.
Aron (1958) found a similar system useful for collecting zooplankton
for taxonomic identification, and Icanberry and Richardson (1973)
determined that pump systems may have zooplankton fishing abilities
equal to conventional plankton tow nets.
Samples were preserved in the field by the addition of formalin
solution to obtain a 5% concentration.
In-situ measurements of temperature, .dissolved oxygen, pH,
and conductivity were taken in a vertical profile with a Hydrolab
Model IIA Water Quality Analyzer along with each zooplankton sample.
Laboratory Analysis
Zooplankton were counted and identified on a Wetzlar Model
£600112 compound stereo microscope with 10X oculars and variable
objectives (5X - 40X). Taxonomic identifications were based on
Brooks (1957), Coker (1943), Davis (1955), Edmondson (1959), Gurney
(1931, 1933), Marsh (1929), and Pennak (1953). All organisms were
identified to genus and, v/here possible, to so^cies. In general
copepods have five or six naupliar stages, five juvenile or copepodid
stages, and the adult. The diaptomid and cyclopoid nauplii were
not separated in the counts. The cyclopoid copepodids for both
species were also combined. This was due to the occurrence of early
stages which were difficult to separate. Bias may be present to
some degree for the counts of adult copepods, as stage V females
were usually larger than stage VI (adult) males. This error is
greater for the diaptornids than for the cyclopoids, as the latter
i
can usually be identified by the size of the last urosomal segment.
Yeatman (1959) reported that this segment is always shorter in the
adult.
The two genera of cladocerans in the sample do not have a naupliar
stage, and the young are small adult-like forms. No attempt v/as
made to separate the juveniles from the adults.
Counting was done by placing one inilliliter subsamples in an
open Sedgwick-Rafter counting cell and enumerating the complete
contents. The total numbers fror? five such aliquots were used to
determine densities within the sample. These five subsamples represent-
ed 5 to 20% of the original sample. As a test of significance,
complete samples were counted by one milliliter aliquots. Two groups
of five subsamples were selected from a table of random numbers,
and a t-test for correlated observations was applied. The five
most abundant organisms from each sample tested showed no significant
difference in their means at the 95 percent confidence limit.
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Zooplankton Respiration Rates
Estimates for the oxygen consumption of the zooplankton were
based on reported respiration rates for comparable organisms. Respira-
tion rates v/ere computed for copepods and cladocerans only, as rotifers
generally showed highest concentrations in the epilimnion. Because
these rates were determined from literature reports, their computations
are summarized below. All rates are reported here in micrograms
of oxygen per individual per day.
A rate of 3.5 ug ^  was determined for the copepod naupliar
stages. This is the mean value taken from Kibby's (1971) figure
5. The rate is for 20°C based on a Q1Q of 2.62 given by Kibby.
The cyclopoid and calanoid cooepodids 'were estimated to consume
1.0 ug 02 ind day . This rate was also based on Kibby's -(1971)
figure 5. Only the first four instars were used from this data,
because the cyclopoids are more slender than the calanoids and both
were combined in the counts for nean densities within the metalirnnion.
A daily rate of 1.5 ug 02 was used for Cyclops bic us p i datas_
thomasi. Schindler and Noven (1971) reported an average dry weight
for this species as 4.05 micrograms. Scherbakoff (1935) determined
a respiration rate for a 3.5 microgram (dry weight) Mesoc.vclops
leuckartia as 1.48 ug Op ind day~. Richman (1958) computed that
the respiration rate for Scherbakoff's i^ . leuckarti was equivalent
to 12,29 u1 0? mg dry wt. hr . Using this calculation, the respiration
rate for a 4.05 ug dry wt. individual would be 1.69 ug 0~ ind"
day . C_. b^ . thomasi in the samples was a slender form, and the
rate used here appears to be a realistic, though possibly conservative,
11
estimate.
The respiration rate used for Mesocyclops edax was 1.75 ug
09 ind day". The M. leuckarti used by Scherbakoff, above, had
L. ' ----1-1—'--•-""--L-
a total length of 1.0 mm. The mean total length for 50 individuals
of M_. edax was 1.28 - 0.09 mm. Yeatman (1959) reported that the
maximum length for M_. edax was 1.5 mm and for M_. leuckarti was 1.3
mm. Coker (1943) stated that these species are closely related,
with M_. eda_x being the larger of the tv/o. A high number of the
adult females in July and August were carrying egg sacks. Vollenweider(
and Ravera (1958) found that this condition increased the respiration
rates for the cyclopoid copepods they studied. Eased on the above
information and the fact that M_. edax was noticeably larger and
more robust than C_. b_. thomasi, the approximate respiration rate
of 1.75 ug 02 ind day was considered reasonable.
Comita (1968) reported respiration rates for both species of
Pi aptornus found in Boulder Basin. The rates he determined for fed
females at 20°C were 2.5 ug 02 ind~ day for Pi aptomus sici1pides
and 7.0 ug 02 ind day for Piaptomus clavipes.
For Daphnia a value of 4.1 ug 02 ind day was reported by
Vollenweider and Ravera (1958). While they found higher rates,
they explained that the majority of the individuals at any one time
are usually not mature and that this rate is probably more accurate
for the average population. They based this rate on a temperature
of 15 C. Because the species they used are much larger than those
found in Boulder Basin, I have used this rate for 20°C. Daphnia
pulex was the common species of Daphnia in Boulder Basin during
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June and July. The rate used here falls well within the ranges
given by Richrnan (1958) for this species at 2Q°C.
A respiration rate of 1.0 ug 0? ind day" was used for Bosmina
longirostris. Schindler and Noven (1971) reported a dry weight
of 2.0 ug ind for this species. For those cladocerans weighing
less than 3.0 ug dry wt. in table 5 of Richman (1958), the average
respiration rate is 0.8 ug 02 ind day . These organisms are new-
born individuals of Daphnia !>ulex. The B_. longirostris for the
summer samples were often found with two or more embryos in the
brood chamber. Both Richman (1958) and Vollenweider and Rayera
(1958) found that crustaceans with eggs had a higher respiration
rate than those without eggs. From the above information, I felt
justified in assuming a rate of 1.0 ug 0- ind day for this species.
All of the above rates were based on a temperature of 20°C.
Respiration rates were determined for 15°C by assuming a Q,~ of
2.0, except for the nauplii and copepodids where Kibby (1971) reported
a Q,Q of 2.62 and for Diaptomus species where Comita (lr-'3) reported
respiration rates at both 15°C and 20°C.
Visible Oxygen Loss
Calculations for the oxygen visibly lost from the metalimnion
wers made for both the 10 - 25 meter stratum and the 25 - 40 meter
stratum by dividing the mean oxygen loss for each period from that
stratum by the number of days in the period. A sample calculation
follows...
JL
...the mean oxygen loss from 25-40 rceters for June 2
to July 18 was 1.7 mg/1.
1.7 ng O^T1 X ID3 ug nxf1 = m^ ug Q day-l
16 days
The term "oxygen visibly lost" was used so as not to be confused
with oxygen transported into the metalimnion. Both the oxygen visibly
lost and that amount transported in were lost from this region,
otherwise an oxygen minimum would not occur.
Oxygen Transport >
Verduin (personal communication) suggested an easy method to
estimate the amount of oxygen transported into the metalimnion.
His technique uses a heat transport equation similar to that given
in Ruttner (1953). The general equation is...
= D X G
e
where,
Q . = the quantity (Q) of heat or dissolved substance
transported across a given area (a) of a
horizontal plane in some time interval (t).
D = the mixing rate of eddy diffusivity.
G - the gradient across the horizontal plane of the
heat or dissolved substance being considered.
From the amount of heat gained for each period and the temperature
gradient across the horizontal plane (12.5 meters for the upper
zor.e and 27.5 motors for the lov.-er zone) the mxing rate was calculated.
This mixing rate was then multiplied by the oxygen gradient across
the plane, yielding the amount of oxygen transported into that zone.
Transport into the metalimnion was calculated for both the
oxygen transported across the 12.5 meter plane down into the inete. limn ion
and across the 37.5 meter plane up into the rnetalimnion. The lowest
oxygen level in the metalinnion occurred at the 25 meter depth.
The amount of oxygen transported across each plane was, therefore,
distributed in a 12.5 meter stratum. While the gradient across
the 25 meter plane for oxygen would be zero and by the above.equation
indicates that mixing does not occur, temperature values show that
heat transport crosses this plane. One must assume then, that the
oxygen transport is equal in both directions and that no net gain
results.
I mentioned that this is an easy method, and it is when coripared
to other mathematical models of eddy diffusivity (Hutchinson, 1957;
Sweers, 1970; Jassby and Powell, 1975). It may, however, be less
accurate because it neglects horizontal transport (Verduin, personal
communication). A practical application of this method of determining
eddy diffusivity is given in Verduin (1960).
The calculations require numerous extrapolations and unit conver-
sions. For this reason a complete sample computation is worked
out below for the transport across the 12.5 meter plane from June
17 to July 2, 1975. (The data used in this sample are given in
the text in Table 11).
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Meat Gain: The heat capacity of -./ater is 1 cal cr."
1 *3
°C~ . Each five r.eters of water has a 500 crrT colunn
2
below each cm" of its surface. The average heat gain
_oin cal cm is computed for each five meter interval
below the 12.5 ir.eter plane (note that only 2.5 meters
occur between 12.5 and 15 meters). The sun of these values
is the total heat gain for the period. Dividing this
by the number of seconds in the period yields Q .
for heat. For June 17 to July 2...
_2
n 3562.5 cal cm o -?c v m~3 ,? „ -2 -IQ , = ;- = 2.75 X 10 cal cm sec
at 15 day X 86400 sec day"1
Temperature Gradient: The average gradient is computed from tha
observed gradients from 10 - 15 meters at the beginning and
end of the period...
G , (20° - 17°) + (21.5° - 20°) (1 cal cm"3 V1
heat 2 X 500 cm
= 4.5 X 103 cal cm"3 cm"1
(The u n i t cm" ' is often d i f f i c u l t to unders tand)
Eddy Pi ffus i v i ty: From the original equation,
D = Q . T Ge at
therefore,
n _ 2.75 X 1Q"3 cal cm"2 sec'1
p ~ -? -^ -1
e 4.5 X 10 cal cm J cm i
= 0 . 6 1 cm sec"1
Oxygen G r a d i e n t : Use same method as for temperature gradient .
G = (9.4 - 7.7 rg I"1) + (9.4 - 8.1 no I"1)
°2 2 X 500 cm
16
= 3.0 X in""3 nig l'1 en"1
= 3.0 X 10" J ug cm"3 cm"1
(Note that mini grams per liter equals micrograms
per cubic centimeter)
Oxygen Transport: Multiply oxygen gradient by eddy diffusivity.
Q . A = (0.61 cm2 sec"1) (3.0 X 10"3 ug cm"3 cm"1)
a tUo
= 1.83 X 10"3 ug cm"2 sec"1
Now, m u l t i p l y this by (S6400 sec day~1)(104 cm2 m~ 2 )
( lO-W'j .and.get . . . 1.58 g 0 nf2 day"1
The oxygen transported into this region is considered
distributed within the 12.5 to 25 meter zone...
1.58 o m"2 day"1 = 0. 126 g 0? nf3 day"1
(25 - 12.5 meters)
or.. .
126 ug 02 I"1 day"1
Therefore, 126 micrograms of oxygen per liter per day is transport-
ed across the 12.5 meter plane into the upper zone of the rretalimnion
during the 15 day period from June 17 to July 2, 1975.
RESULTS AND DISCUSSION
Ecological Considerations of the Limnetic
Zooplankton Con*unity of Boulder Basin.
Species Composition
The limnetic zooplankton community of Boulder Basin was dominated
by Rotatoria, Cladocera, and Copepoda. Other organisms such as
protozoans, ciliates, zoo-flagellates, and insect larvae v/ere often
found in the samples, but in low numbers. The protozoan, Difflugia
sp., was abundant in the samples for May 8, 1975, but was either
rare or absent for the remainder of the study period. Table 1 is
a taxonomic list of the organisms collected. Those organisms listed
as minor components of the community never represented five percent
of their respective group at any one time.
The rotifers were represented by eleven genera, five of which
were classified as major components of the community. Asplanchna
priodonta was the largest of all the. rotifers. This is a predatory
species common throughout North America (Edmondson, 1959). Edmondson
(1959) described this species as often swallowing whole rotifers.
Syncheata is also a planktonic oredator, but is usually smaller
than Asplanchna. Both of these rotifers are sac-like in appearance.
The fluid filling of the transparent boay is believed to lower the
specific gravity of the organism-, possibly an adaptation to planktonic
life (Cole, 1975).
Polyarthra is a common limnetic genus. As the name implies
•UK*
Table 1. Zooplankton organisms collected from Boulder
Basin from May 1975 to April 1976. (Minor
components not representing over 5% of
respective group at any one time.)
MAJOR COMPONENTS
Rotifera
Asplanchna priodonta
Syncheata sp.
Polyarthra sp.
Coll of "ca pelagica
Keratella cochlearis
Keratella quadrata
MINOR COMPONENTS
Tn'chocerca si mil is
Notholca sp.
PIoesoma hudsoni
Lecane 1una
Monostyla s£.
Brachionus sp.
Cladocera
Daphnia galeata mendotae
Daphnia pulex
Bosmina longirostris
Alona quadrangularis
Chydorus sphaericus
Copepoda
Cyclops bicuspidatus thoniasi
Mesocyclops edax
Diaptomus siciloides
Diaptomus clavipes
Macrocyclops albidus
Onvchocamotus mohanrned
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(many joints), it has numerous, usually 12, feather-or paddle-like
appendages. These appendages have muscular attachments and are
used for locomotion. Unlike the two rotifers previously discussed,
Pplyarthra is not a predator. Hhile most of its food is algae and
detritus, it will ingest almost any particle within a certain size
range. Hutchinson (1967) mentioned studies which indicate that
this range has an upper limit near 45 microns.
Collotheca pelagica has features quite different from the above
rotifers. The body is enclosed in a mucilaginous sheath, ofteni
only visible by close examination. This may also be a mechanism
adapting the organism for a planktonic existence, but this sheath
is present in the attached littoral members of this genus. Like
the majority of the rotifers, this organism feeds by sedimentation.
Particles are funneled into the mouth region by currents set up
by the coronal cilia (Hutchinson, 1967).
The rotifer genus Keratella is represented by two species in
Boulder Basin: K, cochlearis and j(. quadrata. The former species
is considered to be the most common planktonic rotifer in North
America (Cole, 1975), but K.. quadrata is also an often collected
form. These forms are enclosed in a sculptured shell like structure
called a lorica. They are generally small organisms, given to the
sedimentation type of feeding mentioned earlier.
Four genera of cladocerans were found in the samples. Daphnia
and Bosrnina were considered truly limnetic organisms, while A Ion a
and Chydorus are more typically associated with littoral rones (Pennak,
1953). Chydorus spiiaericus is unique in that it spends Most of
the year as a littoral form, but it is often found in the plankton
during the summer in associations with blue-green a'lyae (Hutchinson,
1967).
Two species of Daphnia were identified, but they were not separated,
in the counts. Daphnia ga'ieata mendotae and Daphnia pulex were
found together on all occasions, but the former was nore abundant
in March and April and the latter was dominant in June and July.
Bosrm'na longirostris is a common planktonic form in North America,i
as are both of the above species of Daphnia. Both genera are filter
feeders. Again, the basic requirements for food items is particle
size. Algae, protozoans, detritus and bacteria are all important
dietary items. The food is swept into the medial ventral groove
leading to the mouth by the actions of plumose thoracic legs which
set up localized currents between the valves of the carapace {Hutchinson,
1967).
The limnetic copepods are represented by four species, two
in the order Cyclopoida (Cy c 1 ops bicLIspidatus t hornasi and Mesocyclops
e_dax_ and two in the order Calanoida (Piapterous c 1 avipes and Diaptomus
siciloides). One female Macrocyclops albidus was collected in August,
but this species is considered to be a littoral organism (Ceiling
and Krumholz, 1964). An occasional harpacticoid copepod, Onychocamptus
mohammed, was collected from the hypolimnetic region.
Cyclops bicuspidatus thomasi is an extreme carnivore. A study
by McQueen (1969) showed that copepodid stages IV, V, and VI (adult)
are predatory. Me estimated that these organisms were able to consume
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over 30 percent of the copepod nauplii standing stock fro:1; !-'arion
Lake, British Columbia, during the surrner of 1967.
Hesocyclops edax is also a predator. Confer (1971) estimated
that M_. edax was able to consume up to six percent of the standing
stock of diaptomid copepodids per day from Anderson-Cue Lake, Clay
County, Florida.
While both of these cyclo< 'ids appear to show a preference
for copepod food items, McQueen (1969) observed C_. b_. thomasi ingesting
rotifers, and Anderson (1970) reported species feeding on the following
i
genera of cladocerans: Ceriodaphnia and Diaphanosoma.
Macrocyclops albidus is primarily a carnivore (Fryer, 1957).
0 ny choc amp t us mo h ainme d is probably best described as a datritivore.
In general harpacticoid rr.outh parts are designed for raking and
scraping food off the bottom (Pennak, 1953).
While the majority of calanoid copepods are filter feeders,
carnivorous species have been reported in the literature (Anderson,
1970). Diaptonus clavipes and Piaptomus s i ci1oides are considered
here as herbivores or crnnivores. Hutchinscn (1957) stated that
calanoids are rough.-suspended-particle feeders. The inference here
is that they nre able to filter out and ingest larger particles
than the cladocerans.
The two species of Piaptomus in Boulder Basin were first reported
froi" Lake Mead by Mildred S. Wilson (1959). Cole (1951) found these
two species together in large impoundments on the Salt and Gila
Rivers of Arizona and fropi a newly impounded, small stock tank in
that state.
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From the discussions in Hutchir.son (19G7), Davis (1955), Permak
(1953) and Edmondson (1959); and froiT; the data presented by Pennak
(1957) and Patalas (1971) the species coraositon of the Boulder
Basin limnetic zooplankton community is similar to that found in
any typical large, deep, freshwater lake in tiorth America.
Seasonal Succession
The classical model for zooplankton communities is one in which
there are two periods of seasonal abundance. Usually, there is
one large oulse of organisms in late spring, and a second, somewhat
i
smaller, pulse in the fall. When a third pulse occurs, it i's in
nid- or late su.iimer and is often composed of typically warm water
species (Davis, 1955). These high and low periods may be attributed
to 1) physical and chemical conditons triggering cyclic responses,
2) the abundance and nature of the food items, or 3) intercommunity
actions such as predation and competition (Hutchinson, 1967). Species
cotnpositon may be completely different in each period, but this
may be the only characteristic effected. Pennak (1957) found that
at any one time, a typical limnetic community is numerically dominated
by one species of copepod, one cladoceran, and one rotifer.
The zooplankton community of Boulder Basin shows varying patterns
of seasonal succession. Table 2 shows the number of organisms of
each major group for each month of the study period. Each group
shows relatively high numbers for June, November, and February.
The highest total number of organisms occurred in January, but this
was mainly due to an extremely high population of the rotifer, Syncheata,
It would appear that there are three periods of abundance, but more
Table 2. Number of organisms (thousands per square meter) from each
major group in the upper 45 meters of the water column from
May 1975 to April 1976. (All instars combined)
H
Copepoda
Cladocera
Rotifera
May
8
911
34
1121
Jun
17
2093
272
591
Jul
18
1851
52
327
Aug
19
1468
69
46
Sept
17
598
154
124
Oct
15
1105
61
149
Nov
19
1949
454
726
Dec
23
295
350
483
- Jan
29
432
254
5528
Feb
19
1375
393
239
Mar
24
1100
160
58
Apr
27
1875
118
221
Total 2366 2956 2230 1583 876 1315 3129 1128 6214 2007 1318 2214
CO
probably the spring period is longer that that found in more northern
lakes duo to the subtropical nature arid possibly longer growing
season in Lake Mead. It therefore appears that one long period
of abundance is present during the spring (actually to July) and
one short period during autumn (November). Attempting to classify
zooplankton community succession in this way is difficult and often
misleading because each organism has its own distribution cycle
largely independent of other organisms and not generally correlated
with the total plankton maxima (Davis, 1955). Analysis of the community
by each organism-shows'that most forms are rronocyclic or dicyclic.
(The terms monocyclic and dicyclic are used here in relation to
the abundance of an organism and not meant to infer differences
in reproduction.)
The rotifer population of Boulder Basin is best represented
by five genera, each of which was the dominant form on one or more
of the dates sampled (Table 3). Asplanchna was present in eight
of the twelve months sampled, reaching its highest densities in
June and January. The counts for January may be conservative due
to the extreme abundance of Syncheata. Syncheata was found in all
stages of development, from newly hatched individuals to large sac-
like adults. These adults are similar to a small saccate morphotype
of Asplanchna. A reexamination of the sample (qualitative) showed
a small number of these small saccate morphotypes of Asplanchna
to be present.
It is interesting to note that Gilbert (1973) found that Asplanchna
will greatly increase in size in the presence of large food organisms.
Table 3. Major rotifers in the upper 45 meters of the water column of
Boulder Basin from May 1975 to April 1976. (thousands per
square meter)
-•1
Asplanchna
Syncheata
Polyarthra
Collotheca
Keratella*
All Others
Total
May
8
50
0
260
0
821
10
1121
Jun
17
320
2
75
25
159
10
591
Jul
18
12
80
96
27
94
18
327
Aug
19'
0
3
19
15
9
0
46
Sept
17
0
45
41
25
5
8
124
Oct
15
0
70
65
0
11
3
149
Nov
19
2
630
43
15
11
25
726
Dec
23
20
365
16
18
64
0
483
cfan
29
150
5000
340
20
13
5
5528
Feb
19
35
180
8
13
3
0
239
Mar
24
0
3
5
40
10
0
58
Apr
27
5
0
150
16
50
0
22]
*Keratella = total K. cochlearis and K. quadrata
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Other rotifers v/ere abundant in the saine periods as was Asplamzhna,
which was always doninant in a large saccate form (-^ 650 un). Gilbert
(1973) suggested that the ability to increase in size may be an
adaptational response to allow for rapid reproduction during periods
of high food levels. This rotifer is ovoviviparous, and it is possible
that larger size young are also produced at this time. Of the large
forms I have examined in the laboratory, no more than one embryo
was present within the adult.
Syncheata was most abundant in January, reaching a density
i
of 320 individuals per liter at the ten meter depth. This 'number
is low compared to reports by Pennak (1953). He stated that the
highest known population of rotifers from an unpolluted source is
5,800 per liter. Syncheata was also abundant in July and November.
The population has three peak periods, but only two reproductive
periods. The November population developed from resting stage eggs.
The phenomenon of diapause or resting stages will be discussed in .
more detail later.
Two species of Keratella were identified from the samples.
Keratella cochlearls v;as the more dominant species, being present
in all twelve months, and responsible for the peaks in May and December.
Keratella qua drat a only occurred in low nur.bers and only during
June, July, October, and January.
Collotheca was dicyclic, having peaks in March and June/July.
From the densities of the organism shown in Table 3, it is difficult
to determine whether these high counts are truly due to cyclic responses.
In this case, the rotifer may be considered acyclic.
r
rthrj^ shows ?. situation s i m i l a r to Co 11 ot• i•_?ca above.
Highest numbers were found in January and May, but it is difficult
to ascertain whether the levels seen in July and October are cyclic
phenomena. Hutchinson (1967) reported studies where Polyarthra
was polycyclic, but it is also possible that nore than one species
is present in Boulder Basin. Pennak (1957) collected two species
of Polyarthra together in 24 series of samples from different lakes
in Colorado. Unfortunately, this organism was not identified below
the generic level.
Of the five gener'a of rotifers discussed, none seem to .have
both of their highest periods in the same two months. There was
some overlap in January, but the sunmer peaks were spread across
three months (Table 4).
Of the rotifers listed as minor components of the community
in Table 1, Trichocerca and Brachionus occurred only during the
summer. Hutchinson (1967) reported that both genera contain numerous
summer species.
The two genera of limnetic clc.docerans were seen to have their
peak populations out of phase (Table 5). Pashm'a was the dominant
cladoceran from March through July, while Bosrrn'na was rnost abundant
froir. August through February.
As mentioned, two species of Daphnia were identified from the
collections, but they were not separated in the counts. Reexamination
of the samples revealed that Daphnia galeata rnendotae was the dominant
of the two species in March and £nri1, with Daphnia pulex being
more abundant in June and Julv.
T?.Mc 4. Period" o~ r.ighast ?.b;,^darice of najor
rotifers from Boulder Gasin.
ORGANISM PERIOD OF ABUNDANCE
Asplanchna
Syncheata
Polyart'nra
Keratella
Collotheca
June
July
May
May
July
January
January
January
December
March
Table 5. Cladocerans in the upper 45 meters of the water column of Boulder
Basin, May 1975 through April 1976. (thousands per square meter)
May Jim Jul Jul Aug Aug Aug Sept Get Ncv Dec Jan Feb Mar Apr
8 17 2 13 1" 19" 28" 17 15 19 _ 23 29 19 24 27
Daphnia 12 267 293 8 27 10 5 3 0 0 t 11 7 123 101
Bosrnino 22 5 6 44 64 59 126 151 61 454 350 243 386 37 17
Total 34 272 299 52 91 69 131 154 61 454 350 254 393 160 118
t = ""trace = less than 1.0
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i'phippia] star;?5 of naphnla were abundant in the surface film
from March through May. This stage contains resting eggs attached
to the valve or carapace of the adult. The ephippia separate from
the adult at the next inolt. They either sink or float depending
on the species. In Boulder Basin they often concentrate in windrows
as a result of surface winds and Langmuir circulation, making a
quantitative estimate of their numbers difficult. In the collections
from March and April, few adult females were found bearing ephippia.
What did appear however, were large numbers of heads of adults.
i
Usually the complete head shield with the first and second antennae
and additional appendages were found intact. It is common practice
to neglect fragments of organisms when counting zooplankton, but
these fragments wore extremely abundant and obviously more than
cast exoskeletons. It ray be that a physiological weakening of
the carapace occurs during ephippial development arid that these
fragments represent ephippia bearing females which were ruptured
during collection. Adding the number of heads to the counts of
whole Daphnia in the samples gives 190,000 individuals per square
meter for March and 213,000 individuals per square meter for April.
Considering that the most accepted cause for ephippial production
in cladocerans is overcrowding, these adjusted totals may be more
accurate than the population estimates given in Table 5.
The copepoci population had three periods of abundance (Table
6). The summer period v/5s marked by three months of relatively
high numbers. This was di;e to an exchange of dominance between
Table 6. Copepod adul ts ar
B a s i n , June 1975
Oun Jul Jul Aug
17 2 18 1
H a u p l i i 1246 1072 1426 1140
Cyclopoid
Copepodids 558 195 313 359
Dian ton i id
Copepodids 114 31 22 28
C. b.
thomasi 139 150 45 . 132
M. e_dax 9 11 30 116
D. clavipes 26 27 9 11
D . s i c i lo ides 1 0 6 9
id j u v e n i l e instars in the top 45 meters of Boulder
through Apr i l 1976. ( thousands per square meter)
Aug Auo Sept Oct Nov Dec Jan Feb Mar Apr
19 28 17 15 19 23 29 19 24 27
923 784 209 200 1012 182 292 1070 740 1212
263 372 152 418 634 35 88 140 203 463
53 51 74 42 29 7 26 28 22 61
42 16 11 44 10 14 12 81 83 111
175 82 143 319 166 54 7 37 14 12
4 2 1 17 13 1 0 2 5 0
8 7 8 65 85 2 7 17 33 16
J
Total 2093 1486 1851 1795 1468 1314 598 1105 1949 295 432 1375 1100 1875
Tthe two cyclopok! copepods. The oiher two periods of hi oh nurbers
were October-November and February-April.
Cyclops bicuspidatus thomasi was monocyclic, remaining the
dominant cyclopoid for spring and early summer. During July it
was replaced in dominance by Me s o eye lop s e d a x, which then remained
dominant through December.
The two calanoid species, Piaptomus clavipes and Diaptomus
slciloides were also abundant at different times of the year. These
copepods never obtained the numerical abundance seen in the cyclopoids.
\. slciloides reached its highest densities in November, representing
30 percent of the adult copepod community. This was five times
greater than C_. b^ . thonasi or D_. clavipes for this period. D_. sicilouies
was considered dicyclic, reaching a second and somewhat smaller
peak in March. 1D_. clavipes had its highest numbers in late June
and early July, maintaining a low population level for the remainder
of the study period (stage IV and V copepodids were recognized in
the samples for periods when the adults were absent).
The types of seasonal succession described above are common
in the literature. Two points which are interesting to report again,
because they do not agree v.'ith the discussion at the beginning of
this section, are the periods of highest total abundance and the
numerical doniinance.
The high numbers of organisms that occurred in October/ November
and January/February are not unique to Boulder Basin. Hutchinson
(1967) listed n:any instances for rotifers and cladocerans where
v-n'ritftr species exist. In the copepods bs discussed, he showed an
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exiirplc; cf cy.'.lopoi-.! succession v.'hic'n is ?lr-io.;t identical to the
situation in Boulder Casin (his figure 16B). The analogy can be
carried further for the comparison of numerical dominance. Pennak's
(1957) statement, that at any one time a single species of copepod
is numerically dominant does not fit during transitional periods
when populations are exchanging dominance. For July 18 and August
1, 1975, Cyclops bicusp-'datus was only slightly more abundant that
Me so cy c 1 o p s edax. Pennak (1957) stated that the dominant form usually
represents SO percent of the population of that group. Hammer and
i
Sawcbyn (1958) also reported that this oercentage of dominance was
not found in their samples, and it is not achieved in the populations
shown in Hutchinson's figure 168, mentioned above.
Diapause
One of the Most important factors controlling the seasonal
succession in rotifers and crustaceans is the ability to maintain
a seed population over unfavorable periods. This is usually carried
out by the use of resting stages or diapause. The occurrence of
this phenomenon is known for a variety of common limnetic zooplankters.
Some organisms develop resting stage eggs, while others (mostly
copepods) diapau5,e as juveniles. The latter is similar to dormant
stages of insects, in that a cyst or cocoon like structure may be
present. The ability tc exist in a dormant state is generally consider-
ed to ha an adaptation derived to allow an organism to withstand
periods of environmental stress, such as drought, anoxic water conditons,
and periods of low food, It nay well be that just the opposite
is true. Resting stages are usually the product of sexual reproduction.
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— Partiieriogeiiic reproduction of aquatic organises may be c-.n adaptation
enabling the organise, to take advantage of periods when food is
abundant without having to locate a mersber of the opposite sex.
Edrcondson (1955) reported finding parthenogenic reproduction almost
absent in arctic populations of Daohnia, and that if the lake or
pond surface remained free of ice for a long enough period, two
or three sexual generations would develop. Species fror1 each major
i
group of tiie lirr.netic zcoplanktor, community of Boulder Basin show
' some type of resting stage.
k >
- In the rotifers both Syncheata and Polyarthra were found hatching
fro;« resting stage eggs. The seasonal variations of the other rotifers
indicate that resting stages may have been present, but they could
i
_ not I-Q identified froi.i the collections. Resting eggs of Syncheata
! were round in October and November. The resting egg differs from
I
the surfer or annctic egg, having a thicker outer wall and numerous
shell spines (highly sculptured). The outer membrane solits almost
I exactly in half upon hatching of the youna, forming two valve like
.
pieces. The your.g Syncheata v.'ere sinilar to the adults, just more
I compact. Vertical oxygen profiles showed that rapid ir.ixing occurred
during this period (October/ November). This mixing may have resuspend-
ed these eggs into the water column, where rapid develcprent occurred.
Polyr.rthra was found in an apterus form without the paddle-
like appendages in both July and April. Edmondson (195?) stated
that this is a norphotyps of Polyarthra developed fro:^  resting eggs.
It is so unique, that taxcncmists had originally placed it in a separate
genus, Aricrthra. Resting eggs were found in the April samples.
r 35
Th?r,o egos, like- Syn c'r\e. ?•:_?., had ?. thick, cuter mc;:ibran?. They lacked
spines, but showed si'jns of sculpturing when they split open. The
wall was toothed or serrated along the break. The eggs were elliptical
in shape and were larger than the susniner eggs found attached to
the adults during other periods.
Lite and l-.'hitney (1925) determined that while oxygen is the
primary factor controlling the hatching of these resting eggs (for
rotifers), an adequate period of dormancy is required. They found
that if freshwater with sufficient oxygen levels and suitable temperature
was supplied to freshly produced resting egos, the embryos developed
within the membrane, but could not rupture this membrane and subsequently
died. When the eggs were placed in a sealed vial with organic substrate,
microorganisms partially decomposed and weakened this outer wall,
resulting in successful hatching of embryos when freshwater was
later introduced.
Daphnia resting stages are commonly called ephippia, so named
for their resemblance to a saddle. The ephippium is actually the
brood chamber .and the contained eggs. The carapace around the brood
chamber darkens and thickens, and the two large eggs adhere to the
ch-?,;.ioor wall. The ephippium separates from; the adult at the time
of the next molt or upon death of the organism. Most investigators
list overcrowding and subsequent low food levels to be the controlling
factors in ephippial production (Pennak, 1953; Hutchinson, 1967;
Davis, 1955; and Crooks, 1959). Under these conditons, rales are
prod-iced to fertilize the females. Hutchinson (3.967) mentioned
the occurrence of pseudcsexual resting eggs in Daphnia which did
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l require fertilization, but this is not considered the normal
pattern taken by most cladocerans.
Stress (1966) listed both photoperiod and water temperature
to be the iviajcr factors controlling release from diapause in Daphrn'a.
Bosr.ina did not shov; a resting stage in Boulder Basin, but
diapause plays an important role in its life cycle in this lake.
Bosmina and Daphnia populations occur at different times of the
year in Boulder Basin. The fact that Daphnia has a dormant state
may allow Co spin a to become abundant. Hammer and Eav/chyn (197.1)
i
concluded that this type of reproductive segregation permits the
use and exploitation of an environment by organisms that could not.
coexist if their reproductive cycles were the same.
Reproductive segregation due to diapause also occurs in the
copepods. Cyclops hicuspidatus thomasi and Mesocyclops edax reach
their highest numbers in July and October, respectively. Cole (1961)
concluded that the resting stage of C_. b_. thomasi may make it possible
for it to coexist in the same lake with M_. edax. They commonly
occur together in North America, with H_. edax more abundant in the
summer plankton while C_. b_. thomasi is diapausing on the lake bottom.
£.• ll- thomasj, goes into a cyst-like state in its fourth copepodid
instar. Cysts of this species were first recorded by Birqe and
Juday in 1903 (Cole, 1953a). Cole (1953a) found these cysts in
anoxic sediments rich in hydrogen sulfide and showed them to be
insensitive to various respiratory poisons (NaCM, NaM^, and icdoacetic
acid).
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i-'gsocyclops edax is also believed to have a resting stage.
Smyly (1962) identified cysts of the fifth instar of fie so eye lops
leuckarti. a closely related species. Cole (1953b) found 11. ed_a_x_
in the profundal sediments of Douglas Lake, Michigan, and Ceiling
and Krumholz (1964) have found possible evidence of this species
overwintering in the fifth instar in a sinkhole pond in Kentucky.
Diapausing in the diaptomids has been reported, but resting
eggs are the only mechanism reported in the literature. Some species
of Diaptomus may be able to develop a thick membrane on the outside
>
of the egg sack, forming a case-like structure with many eggs inside
(Hutchinson, 1967).
Resting eggs have not been reported in the literature or found
in the samples for either of the species of Diaptomus occurring
in Boulder Basin.
The resting stages mentioned above are common in zooplankton
literature. One aspect of diapausing which should be considered
is its effect on the cyclopoids and on Bosrrina. These forms require
only a short time interval from development of t!.e egg or excystment
to adulthood. Bosmina only undergoes two molts prior to the mature
form (Hutchinson, 1967). Individuals hatching from resting eggs
in early July could possibly reproduce parthenogenically in late
July or early August. Fifth stage forms of '-'esocyclops edax excysting
in July will supplement the adult cyclonoid population which would
otherwise be absent due to the loss of £. Jb. thomasi in its fourth
instar. The result is the presence of a full assemblage of age
classes during the summer period when these changes are occurring.
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Diurnal vertical nitration is a well known and well documented
phenonenon for zooplankton organisrs. Hutchinson (1967) described
three types of vertical nigration: 1) nocturnal mi oration, with
a single ipaxirciri in the upper stratum at night; 2) twilight migration,
with a maximum at dawn and dusk in the upper layers; and 3) reverse
migration, with a single raximun at the surface stratum at midday.
Pennak (1944) concluded that light was the inost important factor
in vertical migration of zooplankton. Other explanations of the
i
cause of the migrations include, temperature, pH, conductivity,
and predator avoidance. Davis (1955) stated that while it appears
to be a sinple case of phototropisn, the migrations are not that
simple to explain and are usually a highly complicated phenomenon.
The vertical range of the nigration varies from species to
species and from lake to lake, as well as from season to season
in the same lake. Physical and chemical conditions often impose
limits to the amplitude of nigration. Campbell (1941) found that
dissolved oxygen levels restricted the migration of rotifers in
Douglas Lake, Michigan. He noticed that as the zone of hypolimnetic
oxygen depletion increased during the surnner, the rotifers were
constricted into the upper 15 neters of the water column. Clarke
(1934, not seen, in Davis, 1955) found that the marine copepod,
Hetridia lucens, would not nigrate upwards any further than the
thennocline.
The rotifer population of Moulder Basin undergoes vertical
migration during both thermally stratified and unstratified periods.
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': A study by Siaker (1974) shov/ed the average daily range of Koratella
coch lean's and Polyarthra in Boulder Basin during January to be
4.8 and 2.6 meters, respectively. These amplitudes of vertical
1 migration agree with those discussed by Pennak (1953). He reported
that amplitudes of one to three meters are common, with amplitudes
: of eight to ten meters being unusual. George and Fernando (1970)
i
' disagreed with Pennak's average. Their report covered a one year
period and showed the vertical amplitudes to vary between summer
and winter. The data they presented show Polyarthra vulgaris to
t
migrate 1.8-4.8 meters in February, 3.0-4.1 meters in April, 7.0-
i
10.0 meters in June, and 4.8-8.4 ineters in August.
i The Polyarthra populations in Boulder Basin show vertical amplitudesi
similar to those listed above. Staker's (1974) winter values agree
with those from George and Fernando (1970). The amplitudes for
; Polyarthra for May and June (Figure 2) were in the 5-10 meter range,
also agreeing with George and Fernando. In July, when thermal stratifi-
; cation was well established and an oxygen minimum was present ini
; the metalimnion, Polyarthra was restricted to the upper 20 meters
ij of the water column. This suggests that, as noted by Campbell (1941),
oxygen levels may restrict the vertical distribution of rotifers.
Thermal stratification appears to have an effect on the vertical
i
distribution of other rotifers in Boulder Basin (Figure 3). Both
i
winter and summer populations of Asplanchna and Syncheata had high
concentrations in the upper 15 ir.eters of the water column. In general
winter populations were more evenly distributed with depth, v/hile
sunder populations tended to show frequent concentrations above
TFigure 2. Vertical distribution of Polyarthra for three
consecutive sampling dates from Boulder Basin.
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Figure 3. Comparison of the winter and summer vertical
distribution of three rotifers from sunset
samples from Boulder Basin. (Depth in meters)
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25 ineters. Collptheca_ showed highest concentrations in the top
15 meters during the summer, but it was rare to find this rotifer
above ten meters during the winter. CoTlotheca is encased in a
gelatinous or mucilaginous sheath. Winter populations had considerably
more detrital material adhered to this sheath than did the summer
organisms. This added particulate matter may increase the density
' of the organism and restrict its distribution.
i
Vertical profiles for the cladocerans collected during the
i summer period are shown in Figure 4. Daphnia was abundant during
; i
June and July. On June 16/17 the highest percent occurrence for
J
' Daphnia was at ten meters for all four vertical series (Figure 4a),
i
| Slightly more than two weeks later, July 1/2, three of the four
vertical profiles showed the highest percent occurrences at 15 meters
(Figure 4b). For July 17/18 (not shown, see appendix), Daphnia_
were absent from the sunset samples, but appeared in low numbers
for the other three vertical series. Figure 4 indicates that daily
migration is minimal for Daphnia during June and July. Two aspects
of sampling design and analysis may have masked the actual vertical
amplitudes of the clacoceran migrations. First, accurate values
of vertical range are difficult to determine with the spacing of
time (midday, sunset, midnight, and sunrise) and of depth (5 meter
intervals) used in this study. Secondly, the figure is for the
total juvenile and adult populations. Separation of these stages
is needed to depict the actual migratory patterns of these organisms.
Both Hutchinson (1967) and Davis (1955) reported instances where
juveniles show different vertical miorations than the adults of
Figure 4. Vertical distribution of Cladocera from
Boulder Basin. A - June 16/17; B - July 1/2;
C - July 31/Auqust 1; D - August 18/19; and
E - August 27/28. (Depth in meters)
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the sa:;<e species.
Dosm'iia was abundant during August. Its vertical distribution
for this period is shown in Figure 4c,d,e. While the vertical amplitudes
are uncertain, the figures indicate that Bosmina undergoes a greater
daily migration than that seen for the Daphm'a.
Copepods showed active vertical migration during the summer
stratification period, with the adults being the most active stage.
A comparison of copepod nauplii, copepod copepodids, adult C_. b_.
thoir.asi and adult M_. edax (Figures 5 and 6) show the differing degrees
i
of migration between these life stages. Copepod naupliar stages
undergo the least amount of change, maintaining high densities in
the 10 - 25 meter range throughout the summer (Figure 5a,b,c).
Juvenile copepods (copepodids) showed highest concentrations in
this same 10 - 25 meter zone, but indicated greater migrational
ranges than the nauplii (Figure 5d,e,f).
Cyclops bicuspidatus thomasi was the dominant cyclopoid copepod
during June and July. Comparing its vertical distribution for the
beginning and the end of July (Figure 6a,b) indicates that it was
more active during the latter period. Comparing this late July
distribution with that for Mssocyc 1 cps edax (Figure 6c) indicates
that while the total populations were similar in numbers (see table
6) !1- edax migrated over a greater range than C_. b. thomasi. The
former appeared to migrate from surface to 45+ meters, while the
latter did not show high densities above 10 meters. The large vertical
amplitudes indicated by the three profiles for M_. edax are not unusual
for copepods in general, riicholls (1933) found Calanus finmarchicus
Figure 5. Vertical distribution of Copepoda from Boulder
Basin: Ilauplius and Copepod copepodids.
A,D - July 1/2; B3E - July 31/August 1; and
C,F - August 27/28. (Depth in meters)
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Figure 6. Vertical distribution of Copepcdn from Boulder
Basin: adult Cyclops bjcuspidatiis thonasi
and adult Me so eye lops e_d_ax_. A - July 1/2;
B,C - July 31/August 1; D - August 18/19;
and E - August 27/23. (Depth in meters)
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i to migrate sone 70 rstirs between r.icnirht ar.d rnt!d;\y. Considering
; the small size of these organisms, this is an incredible distance.
i
Hardy and Bainbridge (1951) determined that Calanus can swim upwards
at a speed of 15 meters per hour. The maximum swimming rate for
a copepod organism appears to be that reported by Enrioht (1977)
for Metridia pacifica. a marine copepod. He estimated that this
organisrr: can swim upwards at a speed of 30 to 90 meters per hour
and maintain this speed for one hour.
That M_. edax is an active organism has been shown by Confer,
t
and Blades (1975). They found that M_. edax was the most active
prey species of the zooplankton crustaceans they used in a plankton
predation study. This species was selected over much larger organisms
by fish predators due to its vigorous and frequent swimming movements.
Diaptomus populations were generally too low to determine diurnal
patterns of vertical migration.
Depth Affinities
The previous illustrations were used to depict vertical distribu-
tions relative to vertical migrations, but they also illustrate
the preference of these organisms for specific zones of the water
column. The rotifers showed summer concentrations restricted to
the upper 20 meters. The cladocerans and copepods showed a preference
for the 10 to 30 meter layer during sunr.er stratification. Marshall
and Orr (1955), in attempting to explain irregularities in the vertical
distributions of GalaPUS, suggested that vertical migration is a
i
means by which the organise can sample fresh layers of water and
that these animals can stop at layers where optimal conditons such
43
as food, t«;'p=rature, ar.d light exist.
In general the herbivorous members of the zooplankton community
of Boulder Basin show a definite affinity for the 15-25 meter stratum
of the metalimnion during sunder stratification (Figure 7). This
suggests that optimal conditions for these organisms must exist
within this zone. Figure 7 is based on evening samples only, and
does not include the total community.
Table 7 gives the depth of maximum density for all of the zooplank-
ton crustaceans from June 17 to August 28. Each value was determined
i
from the average of four samples taken over a 24 hour period at
five meter intervals. Of the 54 observations, 75 percent were in
the stratum from 10 to 25 meters. All eight observations above
this zone were for organisms which became more abundant as the summer
progressed. The six values at the 30 meter depth were for adult
and juvenile diaptomids. These data suggest that spatial, as well
as reproductive, segregation occurs within the summer community.
Figure 7. Depth of maximum density for zooplankten grazers
from sunset samples, Boulder Basin, May 1975 to
March 1976. (Depth in meters)
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Table 7. Depth of maximum densities (in meters) of zooplankton crustaceans from
Boulder Basin. (Based on mean number of four vertical series taken at
five meter intervals over a 24 hour period, top 45 meters.)
ORGANISM
Copepod Nauplii
Cyclopoid Copepodids
Diaptonnd Copepodids
Cyclops bicuspidatus thomasi
Me so eye lops edax
Diaotorus siciloides
Diaptomus clavipes
Danhnia spp.
Bosmina longirostris
Oune 17
10
10
15
10
5
15
30
10
5
July 2
20
15
15
20
5
s
20
15
5
July 18
15
20
20
20
10
s
30
15
15
Aug 1
15
15
30
15
10
15
25
20
20
Aug 19
20
25
20
20
5
30
15
15
25
Aug 28
20
25
20
20
5
30
30
20
20
s = surface
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Total Oxygen Lost and Zooplankton Respiration
With in the Metal imion of Boulder Basin,
June 27 to August 28, 1975.
Examinations of vertical distributions showed highest zooplankton
numbers to occur in the metalimnion of Boulder Basin, with most
organisms concentrated in the upper half of this zone (10 to 25
meters). Computing the mean number of organisms per liter for the
entire metalimnion would therefore result in the examination ofi
an artificial situation. This would decrease the actual numbers
which occur in the 10 to 25 meter region and increase the number
of organisms actually occurring in the 25 to 40 meter section.
The effect on respiration estimates of the zooplankton community
would be further disrupted due to the lower mean temperature which
would have to be used for this calculation. The metalimnion was
therefore separated into two sections, one above and one below the
25 meter depth. The mean numbers of each organism within each section
are given in Tables 8 and 9.
These tables illustrate the successional change in the zooplankton
population occurring within this 74 day period. Cyclops bicuspidatus
thomasi, Diaptonus clavipes and Daphnia spp. were the dominant forms
in early surner. Starting in July, these organisms are replaced
in dominance by Hesocyclops edax, Pi aptor.us clavipes, and Bos mi na
longirostris. The total numbers per liter for each date in both
the upper and lower sections indicate that while this change is
taking place, relative zooplankton densities within the metalimnion
Table 8. Mean zooplankton concentrations in the upper section of
(10 - 25 meters) computed from four samples taken over a
u n i t s are ind 1~".
Jun 17 Ju l 2 Jul-18
Copepod N s u p l i i 45.8 47 .4 60.4
Cnpepod Copepodids 17.9 10.2 13.0
Cyclops b i c usp ida tu s thomasi 3.4 4.9 1.3
Mesocyclops edax 0.2 0.4 0.9
Diaptonus s i c i l o i d e s - 0 0 0.1
Diaptorrus c l a v i p e s 0.6 1.3 0.1
D a p h n i a spp . 7.9 13.3 0.3
Bosmina longi ros t r i s 0 0.1 2.1
the metal
24 hour
Ann l
50.8
13'. 2
5.4
1.9
0.2
0.4
1.1
2.5
.._.. ___.. ..__..._.,,
imn ion
per iod
Aun 28
33.5
15.2
0.5
2.5
C. I
0
0.3
4.8
Total 75.8 77.6 78.2 75.5 56.9
Table 9. Mean zooplankton concentrations in the lower section of the metal imnion
(25 - 40 meters) computed from four samples taken over a 24 hour period,
units are ind
Copepod Nauplii
Copepod Copepodids
Cyclops bicuspidatus thomasi
Mcsocyclops edax
rn'aptomus siciloides
Diaptomus clavipes
Daphnia spp.
Bosnn'na longirostris
r1.
Jun 17
15.2
7.2
5.6
0
0
0.9
2.0
0.1
Jul 2
12.5
3.1
3.8
0
0
0.4
2.5
0
Jul 18
17.4
7.9
1.0
n.4
0.2
0.2
0.3
0.5
Aug 1
15.2
8.1
2.7
1.9
0.3
0.3
0.5
1.0
Aug 28
9.6
10.5
0.5
0.7
0.3
0.1
0
2.0
Total 31.0 22.3 27.9 30.1 23.7
regain stable.
Estimated respiration rates for the zooplankton organisms are
given in Table 10. These values were determined from zooplankton
respiration rates reported in the literature (See Methods). Respira-
tions for the organisms listed in Table 9 and those for June 17
of Table 8 were based on 15°C. Respiration for the other four dates
in Table 8 were determined using the values for 20 C.
Table 11 contains temperature and dissolved oxygen values from
Boulder Basin from June 17 to August 28. The values listed represent
in-situ measurements taken at the sunrise sampling period for each
date. Due to an equipment failure in the field unit, data were
not collected for August 19. Subsequently, calculations for August
were based on mean values for the first and the twenty-eighth of
the month.
Throughout the summer a noticeable heat gain occurred in the
metalimnion. Wind generated turbulence, transporting this heat,
was also transporting oxygen down into this zone. High winds during
the summer often forced the sampling crew to take shelter in protected
bays. Wind velocity data for Las Vegas show that the winds reached
a speed of twenty miles per hour or more on 49 of the 74 days from
June 17 to August 28. On seven occasions within this period, the
wind reached this velocity for four or more consecutive days (U.
S. Department of Commerce, 1975).
Heat gain below the metalimnion indicated that mixing also
occurred in the hypoliinnion. One cause of this mixing is believed
to be internal waves or seiches. Sustained surface winds from the
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Table 10. Respiration rates for lir.netic crustaceans from Boulder
Basin. Units are ug 0? ind ~ day .
ORGANISM
Copepod Nauplii
Copepod Copepodlds
Cyclops bicuspidatus thonasi
Mesocyclops edax
Diaptoinus siciloides
D"! ;itonius clavipes
Daphnia spp.
Bosnn'na longirostris
15 °C
0.22
0.67
1.12
1.31
1.65
5.00
3.10
0.75
20 °C
0.35
1.00
1.50
1.75
2.50
7.00
4.10
1.00
Table 11. Temperature
Basin, June
June 17
Depth (m) Temp CL
0 2?.. 5
5 21.5
10 20.0
15 17.0
20 15.0
25 14.0
30 13.0
35 12.5
40 12.0
45 11.5
50 11.5
55 11.5
60 'll.O
10
10
9
7
7
7
7
8
8
8
7
7
7
.1
.4
.4
.7
.4
.4
.9
.0
.0
.0
.9
.9
.9
(°C) and dissolved oxygen (mg 02
17 through August 28, 1975.
July 2
Temp 0~
22
22
21
20
16
15
13
13
12
12
11
11
11
• ^
.5
.5
.0
.5
.0
.5
.0
.5
.0
.5
.5
.0
9.9
9.9
9.4
8.1
7.2
6.9
7.0
7.2
7.5
7.7
7.7
7.7
7.7
July 18
Temp Op
24.5
24.5
23.5
20.5
17.5
15.5
14.5
13.5
13.0
12.0
12.0
11.5
11.5
7.4
7.4
7.2
5.9
5.1
5.0
5.3
5.5
6.0
6.3
6.3
5.8
— *. —
Aug 1
Temp
26.0
26. (L
25.0
21.5
18.5
16.5
15,5
14.0
13.0
12.5
12,0
11.5
11.5
I"1) in Boulder
°2
8.1
7.4
6.8
5.3
4.8
4.5
4.7
5.3
5.7
5.9
6.2
6.4
6.3
Aug 28
Temp 0?
25.5
25.5
25.0
23.0
20.5
18.0
16.0
15.0
14.5
13.5
13.0
12.5
12.5
8.3
8.0
6.0
4.0
4.1
3.8
4.2
4.6
5.5
5.9
6.5
6.6
6.2
en
cr>
S3ir.e direction can c<vj?e water to pi "la L'p on one shore or side of
the basin. This results in a tilting of the hypolimnion. As surface
winds subside, the hypolinnion and the upper layers again seek their
previous levels. This causes the hypolirnion to 'rock' and results
in internal waves (Cole, 1975). Another possible cause for this
mixing is the presence of density currents within the hypolimnion.
Smith et_ al_. (1960) found such density flows in the hypolimnion
of Boulder Basin.
Mixing rates and oxygen transport were calculated for both
the upper and lower sections of the metlimnion (Tables 12 and 13).
The mixing rates for both sections were lowest for July 18 and August
1. The highest rate for the 12.5 meter plane occurred in late summer.
Oxygen transport across the 12.5 neter plane was 2 to 15 times greater
than that for the 37.5 reter plane.
The oxygen gradient at the middle point of the negative heterograde
oxygen curve is zero. This means that oxygen transport does not
occur at this level, based on the equation used for the calculations:
Quantity of 0? transport = (mixing rate^O^ gradient)
Actually, mixing must occur, as heat is transported below this depth
and one must therefore assume that the amount of oxygen transported
downward must be equaled by the amount transported upward. This
midpoint in the oxygen curve was usually located at the 25 meter
depth, the depth used to divide the metalirnion into two sections.
The amount of oxygen transported across the 12.5 and the 37.5 meter
plane was divided by 12.5 meters to provide an estirate on a volume
Table 12. Mixing rates and oxygen transport across the 12.5 meter plane
with values necessary for their determination. Values for
(3), (5), and (6) were derived as follows: (3) = (1) v (2);
(5) = (3)(4); (6) = 5 v 12.5 meters.
(1) Heat Gain
-2 - 1(cal cm sec )
(2) Temperature Gradient
•) i(cal cm"' cm" )
(3) Mixing Rate
2 -2(cm sec )
June 17 to
July 2
2.75 X 10"3
4.5 X 10"3
0.61
July 2 to
July 18
1.85 X ICf3
4.5 X 10"3
0.41
July 18 to
August 1
2.12 X 10"3
6.5 X 20~3
0.33
August
August
2.38 X
5.5 X
0.43
1 to
28
io-3
o
10""
(4) Oxygen Grad ien t
(ug cnfvJ orf )
(5) Oxygen Transport
(g nf2 day"1)
(6) Oxygen Transport
(ug T1 day"1)
3.0 X 10
1.58
126
-3 2.6 X 10
0.92
74
-3 2.8 X 10
0.80
64
-3 3.5 X 10
1.30
113
-3
en
Co
Table 13. Mixing rates and oxygen transport across the 37.5 meter plane
with values necessary for their determination. Calculations
were made as in Table 12.
(1) Heat Gain
-2 -1(cal cm sec )
June 17 to
July 2
0.39 X 10"3
July 2 to
July 18
July 18 to
August 1
0.40 X 10"3 "0.26 X 10'3
August 1 to
August 28
1.00 X 10-3
(2) Temperature Gradient 7
(Cal cnf3 cm'1) l'Q X 10"^
(3) Mixing Rate
2 " 1(cm sec~")
(4) Oxygen Gradient
_? _ i(ug cm""1 cm" )
(5) Oxygen Transport
(g nf2 day"1)
(6) Oxygen Transport
(ug i"1 day"1)
0.39
0.3 X 10
0.10
8.0
-3
1.0 X 10"?
0.40
0.8 X 10
o.;
22.0
-3
1.5 X
0.17
0.9 X 10
0.13
11.0
-3
1.5 X 10
0.67
1.3 X 10
0.75
60.0
-3
-3
en
60
basis. Tha amount of oxygen visibly lost from each section, was
added to this amount, yielding the total amount of oxygen lost from
each layer.
Table 14 shows the results of these calculations, along with
the percent of this loss due to zooplankton respiration. In all
cases, the oxygen being transported into the rneta limn ion across
the 12.5 meter plane was a significant part of the total oxygen
lost. While the data doe not indicate the sane situation in the
lower section, these values may be too low due to the water depth
i
at this location. A slight heat gain below 60 meters would add
a significant amount of calories to the total heat gain below the
37.5 meter plane, possibly resulting in an increased mixing rate.
This slight gain would have a minimal effect on the total heat gain
across the 12.5 meter plane.
These data indicate that zooplankton accounted for 33 to 69
percent of the oxygen lost from the upper section of the metalimnion
and 12 to 42 percent of the oxygen lost from the lower section during
the 74 day period. The average values from June 17 to August 28
are 44 percent of the daily oxygen lost for the upper zone and 25
percent of the daily oxygen lost from the lower zone.
Table 14, Total oxygen lost and zooplankton respiration from both the upper (1)
and lower (2) sections of the metal imni on. All units are ug 0£ 1~~
day"", numbers in parentheses are percent loss due to zooplankton
respiration. (Col
Oxyqen Visibly
Lost
Oxyben Transported
In
Total Oxygen
Lost
Zooolankton
Respiration
(Percent)
June 17
to July 2
(1) (2)
1 49
125 8
127 57
87 21
(69) (36)
umn 1 = 10 - 25 meters; Column 2 = 25 - 40 meters)
July 2 July 18 August 1
to July 18 to Auqust 1 to Auqust 28
(1) (2) (1) " (2) (1) ' (2)
132 106 32 28 34 20
74 22 64 11 104 60
206 128 96 39 138 80
80 15 47 16 45 16
(39) (12) (49) (42) (33) (20)
SUM;IARY A;;D CONCL'JSIONS
The major components of the zooplankton community of Boulder
Basin comprise ten genera. Nine of these are described by Pennak
(1957) as being among the most commonly encountered genera in North
America. From the data presentee by Petalas (1971) for 45 lakes
in northwestern Ontario and by Pennak (1°57) for 27 Colorado lakes
and 42 lakes mostly outside of North America, species composition
of the Boulder Basin cornunity is typical of large, deeu freshwater
i
lakes.
The types of seasonal succession shown by this limnetic community
do not indicate any new or unique conditions or associations, except
that the spring period seems to be one very long growing season.
On an individual basis, the organisms shew seasonal succession types
from perennial or acyclic to polycyclic classifications. Resting
stages play an important role in the cyclic phenomena of these organisms,
but again, these are general patterns comon to most limnetic communi-
ties. One result of the resting stages, which may have a bearing
on the metal i nine-tic oxygen mini nun, is that they allow a full assemblage
of age classes to be found within the water column during periods
when successional changes occur.
Diurnal vertical migrations occur v.'ithin the community during
thermal stratification which are rather unique. Actually it is
the restrictive nature of the vertical "igrations which is unique.
Vertical distributions showed that a specific affinity develops
during the summer for the 10 tc 30 mete** zone. The substantial
t.3
popiilfition ':•'!?;? plus the1 or~atc-r tendency for the population to
remain within the metal imnion is consistent with the hypothesis
that zooplankton respiration contributes significantly to metalimnetic
oxygen depletion in Lake Head. This affinity suggests that optical
conditions such as temerpature, food, and oxygen exist within this
zone. Marsh?!! and Orr (1955) suggested that migrating copepods
stop in zones of such optimal conditions. Whitney (1938), attempting
to explain an association of Daphnia with a decreased transparency
layer at the thermocline, suggested that isolated zones of favorable
conditions occur throughout the water column.
While Marshall and Orr (1955) considered vertical migration
as a means by which the animal can sample new layers of water, Titman
and Kilham (1976) believed that increased sinking rates of nutrient
depleted phytoplankton may be a means by which the cells can encounter
water masses of higher nutrient concentrations. Both theories suggest
a searching by aquatic organisms for regions of more favorable or
optimal conditions.
The herbivorous zooplankton within the metalininion represent
favorable food items for the carnivorous species. High levels cf
organic material, such as phytoplankton and detritus, are necessary
to maintain these herbivores. Deacon (1975) reported that highest
phytoplanktcn numbers occur in the upper ten meters in Poulder Basin
and that numbers decrease with depth. The food source for the herbivores,
therefore, must come from this uoper zone. The zooplankton graze
or, these food items as they sink through the metalinnion. Burke
and Baker (ms.) indirectly show this. They indicated that phytoplankton
biovol ur."es wore often hich in the metal irr.ion due to high numbers
of fragi1 aria. Surface pulses cf this organism occurred through
the suminer in Boulder fasin. In addition, long chains of rrsgilaria
were abundant in the zooplankton collections taken with an 80 micron
mesh net. These large chains remained intact after being pumped
from' depth into the net, preserved in formalin, and thoroughly mixed
in the jar for subsampling. The surface pulse from one date would
show up at the next date at ten or fifteen meters below the surface.
As the next pulse developed in the epilirnnion, the first pulse was
evident a.t a depth of 0^ meters or more. It seems that these long
chains are undesirable food items for the herbivores and are allowed
to sink through the zooplankton concentrations relatively unutilized.
Apparently the other phytnplankton organisms are utilized, as their
numbers generally decline with depth.
This energy transoort system, whereas eddy currents and gravitation-
al forces combine to bring food energy down to the zooplankton,
is analogous to the v.-ave and tidal actions in marine environments.
The diverse and abundant sessile invertebrate populations of a rocky
intertidal zone can only be .supported by the high amounts of organic
material carried in by these actions. Tidal marshes and upwelling
coastal area are also prime examples of energy transport systems
(Zottoli, 1973).
I have so far indicated that eddy currents bring heat, oxygen,
and food into the met,:] innion. It would seem that the zooplankton,
which are negatively brcyent, spend considerable energy trying to
maintain their position in this layer a gainst the forces of gravity
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tritl c^idy r;,rro;)!:i. A sf.LK.ly by liaury and Keihs (197G) showed that
zoep'icsnkton have an energetically efficient method of swimming:
act ive upward movement fol lowed by a pass ive sinking niode during
which the organism filters the surrounding water. The general pattern
al lows them to traverse horizontal distances while grazing.
Since lowest oxygen levels obviously occur within the metalininion,
one would net expect these levels to represent optimal conditions
for zooplankton. Kring and O'Br ien (1976) showed that low oxygen
levels can decrease the filtering rates of Daphnla pulex, but only
i
for short periods. They found filtering rates to remain stable
until the oxygen levels dropped below 3 pom., at which point they
greatly decreased. However, after 8-12 hours at the low oxygen
, levels this species produced hemoglobin and the filtering rates
rose to even higher rates than were previously noted. Kring and
O'Brien (1976) summarized other studies on the effect of low oxygens,
suggesting that at oxygen concentrations below 2-4 ppin aquatic organisms
show an increased dependence on blood pigments to insure normal
physiological function. Sverdrup, e_t al_. (1942) reported many instances
of zooplankton occur!rig in zones of low oxygen, and they concluded
that oxygen, as a rule, is not a deterriining factor in the distribution
or movements of most marine life.
Minder (1923) proposed that concentrations of zcoplankton within
ihe therrocline could cause an oxygen rini^um. Riley (1951) estimated
that lii'jh nuT.bers of zooplankton occur in the mid-depths of the
occjaris. and that zooplankton respiration could account for all the
oxygen lost below 400 meters in the Atlantic Ocean. Shapiro (1960)
66
d:.-tenr.1ncjd that the hi yd n'.;r.bcrs of zooplankton (copopods) in the
me tali inn ion of Lake K'ashington v/ere the cause of the minimum oxygen
layer in that lake. Czeczuga (1959) believed that he disproved
Minder's theory because in his study on Lake Rajgrod in Poland,
highest zooplankton concentrations did not accumulate on the thermocline.
In his figure 3, Czeczuga (1959) reported the average numbers of
zooplankton crustaceans at five meter intervals over a 24 hour period
for August. At the depth of the oxygen minimum he indicated a density
of 60 individuals per liter, with the highest value of 70 individuals
per liter occurring five meters above this point. The average value
for the two August dates in the upper metalirr.nion from Boulder Basin
is 66 individuals per liter. Czeczuga concluded that the main reason
for the oxygen minimum v.'as the occurrence of the light compensation
depth being above the thsrrr.ocline and in the epilimnion. He went
on to explain that below this depth, oxygen consumption is greater
than oxygen production, but he failed to recognize that his data
showed high numbers of organisms, which may be responsible for the
oxygen loss, present below the light compensations depth. His conclusion
that the depth of the light compensation point relative to the thermo-
cline will indicate whether an oxygen minimum or maximum can be
present, is valid, but he failed to note that this depth depends
on toth physical and biological systems for its location.
In my opinion Czeczuga (1959) overemphasized Minder's (1923)
theory that the highest concentrations of zocplankton occur in the
theraocline. The highest concentrations do not have to occur there,
but only concentrations high enough to account for a significant
b/
portion of the oxygen lost. Another point is that concentrations
of zooplankton may be higher above the depth of the lowest oxygen
level, since they are consuming oxygen that would otherwise be transport-
ed down to this depth. This appears to be the case with both Czeczuga's
data and my data.
The respiration rates used to determine the percent of oxygen
loss due to zooplankton respiration were based on laboratory data
gleaned from the literature and may be subject to criticism. A
recent study, however, suggested that these rates are too low.
Duval and Seen (1976) rfound that both feeding and respiration rates
for zooplankton were higher at dusk and dawn than at midday, with
the rates for dusk being even 42 percent higher than those for dawn.
They concluded that daily respiration rates determined from 4-hour
studies, like those of Richman (1958), underestimate actual daily
rates by 25 percent.
Neglecting this recent study, my data show that the zooplankton
consume 33 to 69 percent of the oxygen lost per day in the upper
section of the metalirnnion and 12 to 42 percent of the oxygen lost
per day from the lower section. While this indicates that zooplankton
are not the sole consumers of oxygen in this region, it does indicate
that they play a major role in the oxygen depletion.
It would be plausible to assume that much of the phytoplankton
sinking into the metalirmion is viable, living off internal reserves.
These organisms would be consuming oxygen during their descent and
would probably use more oxygen in the upper parts of the metal innion
where temperatures are higher (Hutchinson, 1957). Tizler et al.
(3977) do i::-Tinned thai; in Lake Tahoe the [jhytoplankton sink i'.i <i
slow rate, and that these organisms remain viable for extended periods
cf time. They estimated that viable aphotic phytoplankton rer.iianed
in deeper ;-.yers throughout the summer and supplemented the population
in the autumn when complete mixing of the lake occurred. Rased
on mean phytoplankton volumes within the metalinnion, Baker e t a_1.
(in press) estimated that phytoplankton account for 33 to 58 percent
of the oxygen loss in the upper metalimnion, during this same 74
day period. The phytoplankton and zooplankton together can therefore
account for most of the oxygen lost per day from this upper section.
This does not hold true for the 25 to 40 meter section.
As mentioned in the introduction, [:.gdorf and Tew (3975) did
not locate highest numbers of bacteria 'in the area of greatest oxygen
depletion. They did report finding high numbers below this area.
Shapiro (1960) found seston levels to be higher below the oxygen
miriii'iun1 in Lake Washington. He suggested that zooplankton grazing
on phytoplankton in the metal in:n ion. were dropping fecal pellets
which sank rapidly for the first few meters. After some period
of sinking, these pellets broke down and added to the total seston.
The result was higher numbers of bacteria in the zone belov/ the
oxygen minimum. Ferrante and Parker (1977) concluded that it is
actually bacterial action which causes the copepod fecal pellet
to break apart. By comparing fecal pallets fron laboratory specimens
and freshly collected lake specimens, they determined that these
bacteria were non-enteric. These rod shaped bacteria grew quickly
or; the peri trophic menbrane of the facal pellet, amassing large
colonies. They deter-ined that pellets released at the lake surface
would not be coherent at a depth from 30 to 50 meters due to bacterial
degradation.
Grouping the data collected in my study and the data mentioned
within this discussion from other workers on Boulder Basin, the
following emerges. Phytoplankton numbers are highest in the surface
layers or upper 10 meters of Boulder Basin; zocplankton maintain
highest densities within the 10 to 30 meter zone during the summer;
bacterial populations appear to be higher in the zones below 25
meters, at least for( sorr.e periods during the summer. A reasonable
hypothesis therefore is that the netalimnetic oxygen minimum results
from the combined respiratory demands of the total aquatic, cormnurr'ty
of producers, consumers, and reducers. As the zooplankton, which
represent the major consumers, actually remain within the metaliinr.ion
in high concentrations, they can account for significant quantities
of the oxygen lost. They also supply substrate material to the
reducers (bacteria), thereby increasing the respiratory demands
of that sector of the community.
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APPENDIX i
Zooplankton crustaceans from Boulder Basin from June 16 to
August 28, 1975. Each organism and/or life stage is listed separately.
Each table contains the number of organisms per liter at five meter
intervals for four series, Sunset (SS), Midnight (MN), Sunrise (SR),
and Midday (MD).
The 25 and 35 meter depths were not sampled for June 16-17
and July 1-2. The sqnrise sample for July 18 was used for live
identifications and accurate counts for each organism are not available.
Also, no sample is available for the 45 meter depth for July 31/August
1 for the sunrise sample.
Organism:
Depth (m)
C
5
10
15
20
25
30
35
40
45
Copepod Nauplius
June
SS
9.7
32.8
71.7
53.1
32.0
(No
16.8
(No
11.2
8.3
16 - 17
MM SR MD
15.9 6.7 2.2
27.7 22.4 8.5
65.6 39.1 73.9
79.0 58.5 52.2
32.2 39.3 30.0
Sample)
18.9 12.0 17.1
Sample)
7.7 8.3 8.7
4.7 7.6 6.6
July 1 - 2
SS MM SR MD
0.5 9.2 5.5
3.6 21.8 6.0 4.9-
37.6 42.4 48.7 26.1
56.4 42.6 47.8 54.4
51.1 74.2 46.0 51.8
(No Sample)
10.7 17.4 9.7 6.1
(No Sample)
5.8 2.7 3.8 5.4
5.1 7.1 4.5 6.1
July 17 - 18
SS
0.3
36.6
53.9
94.9
81.4
59.4
33.9
15.2
11.7
8.6
MN
31.5
24.7
50.3
70.0
68.5
31.1
16.1
8.0
8.2
7.5
SR* MD
2.6
3.4
23.5
86.3
77.0
23.5
21.4
12.2
14.4
9.2
* No^Sample
CO
|Organism:
Depth (m)
0
' 5
10
15
20
25
30
35
40
45
Copepod Nauplius
July
SS
2.1
12.0
32.9
83.1
39.3
35.9
23.4
11.9
8.4
5.8
31 - Aug 1
MN
3.5
7.9
38.9
80.2
35.8
24.6
17.2
9.7
7.3
7.1
SR
0.7
1.4
61.1
91.4
26.4
20.3
8.5
7.1
4.3
*
MD
0.1
0.5
6.8
61.9
58.5
45.3
17.5
10.0
6.2
5.4
SS
8.5
13.0
44.0
73.5
73.1
33.4
22.1
10.0
4.9
4.2
August
MN
10.1
3.1
10.7
68.5
61.2
30.8
13.3
6.3
4.6
5.6
19 - 20
SR
0.4
1.7
8.5
48.5
41.7
32.0
18.7
4.9
2.2
3.4
MD
0.8
1.2
3.8
27.8
46.9
28.4
14.3
3.5
4.3
3.8
August 27 - 28
SS MN
10.3 20.6
4.3 18.2
34.0 13.0
48.5 45.8
36.2 34.7
17.3 13.9
7.9 11.8
5.5 1.8
3.2 2.9
2.3 1.8
SR
6.6
6.6
34.1
32.3
10.0
13.8
9.3
4
2.5
3.5
MD
3.5
3.3
27.2
42.2
37.6
35.1
16
7
2.0
0.8
-I
* No Sample
Orpanism:
Depth (rn)_
0
5
Cycl
June
SS
— -• .•.
19.*
opoid copepodids
16 - 17
— y l ~ 2 Julv 1- IP- uuiy i/ - IB
f^-U s^ s^,^  33^ ^^ ^
1 15'9 '-b °'5 2.0 1.5
".0 30.6 15.7 11.3 3.8 „., - "•
10 28.9
15 16.7
20 8.2
25 (No
30 8.4
35 (No
40 4.2
45 4.4
~ A NO .sample"
36.S33.4 21.6 4.4 8.5 6>1 0.9 2./4.7
13'° »•« ".1 20.2 8.8 11>5 8 8>0 1M
1M ^  12'° ^ « M ».6 19.3 17.0 M 7
SamPl8) (ltoS^e) 24.2 8.5
6- 7' 4- 7' 6-B 2-6 2.6.2.8 L6 13-J 3>?
*S^«) 5.4 3, '
2'° " 5'° - ^  M I- 3, 2, '
1^_±L_1L_LL±^ ° 2-5 '•' *•'«
CO
o
Organism: Cyclopoid copepodids
July 31 - AUJJ 1
Depth (m)
0
5
10
15
20
25
30
35
40
45
SS MN
21.7 1.7
6.9 4.0
11.1 15.7
20.4 34
17.3 17.8
10.8 6.6
9.1 3.2
6.0 1.3
2.6 1.8
2.2 .. 1.4
SR
3.7
16.9
13.6
14.9
8.3
2.5
1.6
*
MD
2.5
10.9
13.8
12.0
6.2
10.3
•8.3
August
SS
1.6
15.8
9.3
8.5
11.3
17.4
6.4
2.5
0.4
MN
1.4
9.0
7.5
15.8
11.0
9.8
3.1
0.6
0.8
19 - 20
SR
0.3
1.9
9.8
20.4
14.3
5.4
2.6
2.3
MD
0.2
0.6
4.7
11.1
12.9
5.6
1.6
3.5
Auoust 27 - 28
SS
5.6
- 4.7
12.4
24.7
27.4
9.7
5.0
2.0
0.4
0.9
MN
6.3
7.7
8.2
17.5
22.4
10.1
4.5
1.4
0.9
0.5
SR
1.6
2.8
18.7
21.9
8.9
6.8
3.9
3.5
MD
0.2
0.3
.1.0
11.6
29.3
21.6
15.9
7.3
2.0
* No Sample
Organism:
Depth (m)
0
5
10
15
20
25
30
35
40
45
*No
Diaptonvicl Copepodi
June 16 - 17
SS MN SR
3.7 5.5 1.5
4 2.5 3.4
2.1 2.6 3.1
1.6 8.6 1.6
1.7 4.0 3.3
(No Sample)
1.4 1.9 1.3
(Mo Sample)
0.4 0.6
1.0 0.3
Sample
ds
MD
3.9
6.2
6.3
5.0
2.8
0.4
0,6
July 1
SS MN
0.5 0.8
1.2 3.2
0.9 4.4
0.9 0.9
(No Sample)
0.3
(No Sample)
0.1
0.3
- 2 July 17 -
"- 1
18
SR MD SS MN SR* MD
0.4
0.3 0 .3" 0 .4
1.7 1.9 1.8 1.2
0.6 1.0 6.0 1.5
0.4 0.1
0.8 0.4
0.3 0.1
0.3 0.3
0.6 0.4 0.1
0.2
0.3
1.3
1.3
0.7
0.4
0.4
0.1
CO
r-o
Orqanisir,: Diaptomid Copepodids
July 31 - Aup 1
Depth (m)
0
5
10
15
20
25
30
35
40
45
Auqust
SS MN SR MD SS
0.
1.3 2.5 3.
1.5 3.7 1.0 4.
0.9 0.8 1.0 O.G 1.
0.9 7.3 0.7 1.
0.2 6.3 1.0 1.
0.6 1.3 1.1
* 0.
4
1
6
1
1
2
4
MN
1
4
2
1
1
0
.5
.0
.2
.1
.0
.2
19 - 20
SR
0.1
0.1
3.8
4.2
1.1
0.2
0.4
MD
2
1
3
0
0
0
-
.0
.7
.5
.3
.6
.3
Auqust 27 - 28
SS
0.4
1.7
5.6
2.5
2.5
0.8
1.6
1.0
MN
0.2
0.6
4.1
3.1
1.7
0.8
0.9
0.2
SR
0.2
0.8
3.4
2.6
4.0
3.6
1.0
MD
1.0
1.9
4.1
2.0
2.4
2.3
0.1
Orcanism: Cyclops bicuspidatus thomasl
Deoth (m)
0
5
10
15
20
25
30
35
40
45
* Mo
June 16 - 17
SS MN
2.0 1.4
1.8
5.3 6.9
3.9 4.4
2.7 3.4
(No Sample)
3.6 2.2
(No Sample)
0.8 1.1
1.0 1.3
Sample
SR MD
1.0
6.0
3.6
5.4
10.4 4.9
2.5 4.2
2.5 1.1
July 1 - 2
SS MN SR
1.1
8.0 0.3
7.6 3.4 2.8
9.9 5.9 4.4
(No Sample)
3.6 2.6 2.3
(No Sample)
3.3 2.4 3.0
2.5 1.8 1.1
July 17 -
MD SS
0.5
0.4
2.9 1.2
7.0 3.6
2.2
6.1 1.2
0.8
4.0 1.0
2.4 0.8
MN
0.7
0.4
0.6
2.9
1.9
0.9
0.4
1.3
0.6
1.0
• 18
SR* MD
0.5
0.6
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Organism: Cyclops bicuspidatus thomasi
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Orqanism: Mesocyclops edax
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Organism: Diaptomus clavipes
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Organism: Diaptomus siciloides
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